This paper proposes a new hybrid optimization method for solving a hydrothermal coordination problem. In general, the problem is decomposed into smaller hydro and thermal sub-problems which are solved separately. The hydro sub-problem is solved by the peak shaving method using the proposed hybrid optimization method. It combines genetic algorithms with the traditional numerical optimization method. The hybrid method has been applied to a real hydrothermal system, i.e., the Slovak power system. The results have proved the efficiency of the proposed method.
introdUction
The efficient scheduling of available energy resources for satisfying load demands has become an important task in modern power systems. For hydrothermal systems, the limited energy storage capability of water reservoirs, makes solving load demand problems a more difficult job than for pure systems. The hydrothermal generation-scheduling problem, which is also called the hydrothermal coordination problem, is a non-linear problem with a high degree of dimensionality, continuous and discrete variables and a non-explicit objective function with many constraints. The solution of the problem has been approached by conventional (traditional) or heuristic optimization techniques. The use of both approaches is often associated with difficulties. The article describes the possibility of solving this problem by a combination of both the numerical and heuristic approaches.
mAteriAlS And metHodS
The objective of hydrothermal coordination (HTC) is to determine the optimal operating schedule of thermal units and hydro plants that minimizes the system's total operating cost during a scheduling horizon, which is subject to many system constraints. The HTC problem can be formulated as a mathematical optimization problem as follows:
C -total system operating cost, i -time interval (hour) index, T -total number of time intervals (scheduling horizon), j -thermal unit index, NT -number of thermal units,
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CC i ( ) -fuel cost function of thermal unit j during hour i, a function of P T j,i P T j,i -power output of thermal unit j during hour i, Dem i -total load demand of hydrothermal power system during hour i, NH -number of hydro plants, P k,i -power output of hydro plant k during hour i, k -hydro plant index.
It has been assumed that hydro plants have zero operating costs.
The optimal scheduling of a hydrothermal power system is a complex mixed-integer, non-linear optimization problem. (Gil, et al., 2003; Zoumas, et al., 2004) . Many of the above-mentioned methods make various simplifying assumptions in order to reduce the complexity of the optimization problem which arises from simultaneous consideration of thermal and hydro plants. Oftentimes, the original problem is decomposed into smaller hydro and thermal sub-problems, which are solved independently. The decomposition of the problem allows for the detailed formulation of each subproblem without making any major simplifying assumptions. A typical example of the decomposition method is the peak shaving (PS) method. The PS method is based on the idea that the hydroelectric generation should be allocated in the higher part of the system's load curve, which corresponds to the system's peak loads (Fig.1) . The solution of the hydro sub-problem by the PS method is described below.
Hydro Sub-problem Formulation
The hydro sub-problem can be defined by the following function:
where ST k,i is operating state of hydro plant (variables); (1 -if the plant is ON and 0 -if the plant is OFF), The water balance for each reservoir of a hydro plant k during hour i is given by
where 
Hydro Sub-Problem Solution methods
The optimization problem (2) with limits (3)- (6) is a complex mixed-integer, non-linear optimization problem with non-linear constraints. The problem is all the more complicated if the water travel time between the cascaded hydro plants is also taken into account. Consequently, the course of the objective function is a complexity with many local extremes.
traditional numerical optimization methods
The solution of the above-mentioned problem using traditional numerical optimization methods (e.g., non-linear programming, dynamic programming) is associated with many difficulties (e.g., "the curse of dimensionality"). Most of the traditional methods are unable to produce a near-optimal solution for this kind of problem. The problem must be decomposed into several smaller problems to decrease the number of variables. The objective function F is decomposed into partial functions F K for each hydro plant. It can be written as: (8) The solution of problem (8) is represented by vectors s k .
The value of the objective function F is obtained by the sequential (downstream) solution of the sub-objective functions F K . That is how the number of variables is decreased from 2*T*NH to 2*T. The sub-objective functions F K are solved using traditional numerical optimization methods for a mixed-integer nonlinear problem (MINLP). However, in many cases the value of the objective function F (as the sum of the values F K ) may not be the global extreme function F.
Heuristic optimization methods
In addition to traditional numerical optimization methods, heuristic optimization methods (e.g., local search, tabu search, harmony search, simulated annealing, genetic algorithms) are used. Significant representatives of the heuristic methods are genetic algorithms (GA). GA are searching algorithms based on the mechanics of natural selection and natural genetics. A detailed description of the method can be found in (Goldberg 1989 ). To use a GA, the objective function of the hydro sub-problem (2) must be modified to (9) The pen1(), pen2(), pen3(), pen4(), pen5(), pen6() are penalty functions.
where K 1 , K 2 , K 3 , K 4 , K 5 and K 6 are the weight factors of the penalty functions.
The solution of problem (9) is represented by the best chromosome FIN S from the final generation (the chromosome with the best fitness, fitness=-F). Despite many benefits (e.g., the non-explicit acceptability of the objective function), GA have a number of disadvantages:
• a high risk of being trapped in the local extreme of the F,
• it is relatively difficult to define the weight of the penalty functions. Furthermore, we can describe the possibility of eliminating these disadvantages by using the proposed method.
the proposed hybrid optimization methods
According to (Reis, et al., 2006) , one way to eliminate the disadvantages of a GA is a combination of genetic algorithms with traditional numerical optimization methods. The objective function (9) can be written in a stand-alone form (16) without any penalty functions.
The fact that the GA searching space only includes feasible solutions S = (Q k,i IST k,i ) T,NH ) is ensured by the numerical optimization methods, which are directly implanted in the fitness function. The chromosomes S are replaced with the chromosomes w = (w k,i ) T,NH . The w k,i value is the weight factor of the objective functions f K .
→max,
The optimization problem (17) with constraints (3)- (6) is solved using Branch-and-Bound method. If the matrix FIN w is the best chromosome from the final generation (the chromosome with the best fitness, fitness=-F), the solution of problem (16) is represented by matrix FIN S. The block diagram of the proposed GA-MINLP hybrid optimization method (combining GA and the traditional numerical method for a mixed-integer nonlinear problem) is shown in Fig. 2 
reSUltS
The proposed GA-MINLP hybrid method was applied to the HTC problem of the Slovak power system (operated by ENEL SE, Inc.). This hydrothermal system consists of 20 hydro plants (three of which are pumped-storage plants) and 2 thermal plants.
The hourly load demand system on September 20, 2010 is given in Table 1 . System imports, small run-of-river hydro plants production and nuclear production have been subtracted from the actual load demand. The configuration of the hydro system with the input data is presented in Fig. 4 . It can be seen that two of the hydro plants are independent, but the rest are hydraulically coupled in a cascade. The computer code (developed in Visual Basic) has been designed to model a complex network of rivers with time delays between the hydro plants and reservoirs. 1  731  7  781  13  991  19  1013   2  720  8  831  14  969  20  1000   3  720  9  881  15  954  21  950   4  720  10  931  16  950  22  900   5  720  11  980  17  951  23  850   6  731  12  1002  18  964  24 
Tab. 1 Hourly load demand on September 20, 2010 [MW].
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The proposed hybrid approach solution was applied to the hydro sub-problem. The traditional numerical optimization with the MINLP Decomp decomposition (described in 2.2.1) was applied to the same hydro sub-problem too. 
Fig . 3 illustrates the power production of the hydro and thermal plants solved using both approaches. As expected, the operation of the hydro plants focuses on the peak load hours, resulting in a peak shaved load curve which is supplied by the thermal units.
conclUSion
A hybrid method for the solution of a hydro sub-problem using a combination of GA and MINLP has been presented. The proposed method has been tested on a real power system, the Slovak power system, consisting of 20 hydro plants and 2 thermal plants. The results prove the effectiveness of the method. The disadvantages of the GA-MINLP hybrid methods are still the remaining relatively "long" execution times and high demands on hardware equipment.
